This study was designed to determine the safety, tolerability, pharmacokinetics and effects on cognitive function of GTS-21 in healthy, male volunteers. A total of 18 subjects were randomized to GTS-21 (25, 75 and 150 mg) or placebo administered three times daily (first 4 days, once on Day 5) for three, 5-day sessions. GTS-21 was well tolerated up to doses of 450 mg/day, with no clinically significant safety findings. C max and the area under the plasma concentration of GTS-21 and the metabolite 4-OH-GTS-21 increased in a dose-related fashion; although considerable intersubject variability occurred, it decreased with continued dosing. GTS-21 showed statistically significant enhancement of three measures of cognitive function (attention, working memory, episodic secondary memory) compared to placebo. A relationship between exposure to GTS-21 and the magnitude of the cognitive response was apparent, with maximal effect approached for doses between 75 and 150 mg three times a day. These data indicate that GTS-21 may represent a novel treatment for dementia.
INTRODUCTION
Alzheimer's disease (AD) is a progressive, degenerative, disabling disease and is the leading cause of dementia in the elderly (Mayeux and Schofield, 1994) . Approximately 4 million individuals in the United States, and about 25% of Americans who are 85 years or older, are afflicted with AD or a related dementia (Strock, 1994) . The cholinergic hypothesis of the impairment of memory and cognition observed in AD patients postulates that the impairment is due to a reduction in cholinergic function (Bartus et al, 1982) . Evidence for this hypothesis includes findings that the degree of cognitive impairment in patients with AD is positively correlated with decreases in markers of cholinergic function measured in biopsied or post-mortem brains (Francis et al, 1985; Perry et al, 1978) . In addition, the number of nicotinic acetylcholine receptors (nAChR) is reduced in the brains of AD patients (Schroder et al, 1991; Whitehouse et al, 1986) . Consequently, it may be possible to improve the impairment in memory and cognitive function of AD patients and affect disease progression with nicotinic cholinergic agonists.
GTS-21 is a drug with a novel pharmacological profile, which has been shown to be an agonist at a-7 nAChRs. The chemical name of GTS-21 is (E)-3-(2,4-dimethoxybenzylidene)-3,4,5,6-tetrahydro-2,3 0 -bipyridine dihydrochloride; the structures of GTS-21 and the pharmacologically active metabolite, 4-OH-GTS-21, are shown in Figure 1 . GTS-21 is active in many animal models that are widely used to measure effects on memory and learning. GTS-21 was also effective in promoting cell survival in several in vitro and in vivo studies. Based on its preclinical profile, GTS-21 is being developed for the treatment of both the cognitive dysfunction and neurodegeneration seen in patients with AD. A total of 87 healthy, human subjects have been enrolled in four Phase I studies to evaluate GTS-21. In the first three studies, GTS-21 was found to be well tolerated at single doses up to 250 mg. This article summarizes the results of the fourth study F a randomized, placebocontrolled, multiple dose study of the safety, pharmacokinetics and cognitive effects of GTS-21 in healthy volunteers.
SUBJECTS AND METHODS

Subjects
The study population comprised healthy, male volunteers aged 18-45 years; female volunteers were not included because the reproductive toxicity studies of GTS-21 had not been completed at the time of study initiation. Subjects were to be in good health as determined by a physical examination including vital signs, weight, clinical laboratory tests and electrocardiograms. Major exclusion criteria included the following: history of alcohol or drug dependency; positive result on urine drug screen; excessive caffeine use; and history of neurologic disorder, dementia, mental status change, severe head injury or serious psychiatric condition. The urine drug screen included the following: amphetamines, barbiturates, benzodiazepines, cocaine, morphine/opiate, methadone and tetrahydrocannabinol (THC). The study did not exclude subjects with a history of smoking, but smoking was not allowed during the study.
Study Protocol
This clinical trial was conducted at DDS Medicines Research Ltd in the UK in compliance with the Declaration of Helsinki and with regulatory requirements pertaining to informed consent and institutional review boards. The Ethics Review Board of the Tayside Committee on Medical Research, UK, approved the protocol prior to study initiation.
This was a single-center, randomized, placebo-controlled, double-blind, multiple dose study in a group of healthy, male volunteers. At baseline, the initial 16 eligible subjects who signed an informed consent were randomly assigned to either Group A (GTS-21, 12 subjects) or Group B (placebo, four subjects).
The treatment phase included three, 5-day treatment periods separated by 10-day wash-out periods. During each of the three treatment sessions, subjects were restricted to the clinical site from the evening before the first dose until the morning after the last dose. Subject eligibility was verified by entry criteria and the urine drug screen at the beginning of each treatment period. The GTS-21 regimen was 25 mg (treatment period 1), 75 mg (treatment period 2) and 150 mg (treatment period 3). Doses were administered three times a day (t.i.d.) (08 00, 14 00, and 20 00 h) on Days 1-4 and once (08 00 h) on Day 5 of each treatment session. GTS-21 was supplied as coated tablets containing 25 mg of the active ingredient GTS-21; placebo tablets were identical in appearance. All doses were administered immediately after a meal. All subjects were to return to the clinical site 5-7 days after their last dose for a follow-up visit to assess safety parameters.
Plasma was collected predose; 15, 30 and 45 min; and 1, 1.25, 1.5, 2, 3, 4 and 6 h postdose on Day 1 and Day 5 (08 00 dose). Additional samples were collected predose on Day 3 (08 00 dose) and Day 4 (14 00 dose), and at 8 and 12 h postdose on Day 5. Urine was collected predose and 0-2, 2-4, and 4-6 h postdose on Day 1 (08 00 dose). Urine was also collected 0-2, 2-4, 4-6, 6-8 and 8-12 h postdose on Day 5. High-performance liquid chromatographic methods adapted from those described by Azuma were used to determine plasma (Azuma et al, 1996) and urine (internal report, Taiho Pharmaceutical Co.) concentrations of GTS-21 and 4-OH-GTS-21. Following solid-phase extraction, samples were chromatographed using a reverse-phase column with detection by visible absorbance at 405 nm. The method was linear for plasma concentrations of GTS-21 and 4-OH-GTS-21 from 1 to 200 ng/ml; the coefficient of variation for the parent was 7.3% at 5 ng/ml and 5.3% at 150 ng/ml; and corresponding values for the metabolite were 14.7 and 9.5%. For urine, the method was linear from 4 to 1000 ng/mL for both compounds, with coefficients of variation of 3.6 and 4.7% at GTS-21 concentrations of 10 and 750 ng/ml, respectively, and 7.3 and 8.9% at those concentrations of the metabolite. Urine samples were subjected to enzymatic hydrolysis using b-glucuronidase followed by reanalysis for GTS-21 and 4-OH-GTS-21 to determine the extent of formation of glucuronide conjugates.
All subjects were evaluated for performance on a computerized test battery to measure the effects of treatment on cognitive functioning. Using computerized tests developed by Cognitive Drug Research Ltd (CDR) (Reading, UK), changes in attention, memory and reaction time from predose measurements were assessed during each session (Wesnes et al, 1988) . Cognitive tests included the following: attention-related tests (simple reaction time, choice reaction time, digit vigilance), numeric and spatial working memory tests, secondary episodic recognition memory tests (word and picture recognition, immediate and delayed word recall) and visual tracking. In addition, an overnight face recognition test was administered and BondLader visual analog scales were used to assess subjective alertness, subjective contentment and subjective calmness (Bond and Lader, 1974) . Two CDR training sessions were held prior to the first dosing period. Cognitive tests were performed on Day 1 (1 h predose) as well as on Days 2 and 4 of each treatment period (1 h predose and 1, 2, and 4 h after the 08 00-h dose). 
Pharmacokinetics
Descriptive statistical methods were used to summarize plasma concentrations and amounts excreted in the urine of GTS-21 and 4-OH-GTS-21 and the resultant pharmacokinetic parameters. For GTS-21 and 4-OH-GTS-21, only those plasma or urine concentrations that were equal to or greater than the validated limit of the assay (1 ng/ml for either compound in plasma and 10 ng/ml in urine) were used in the pharmacokinetic analyses. Actual blood sampling and urine collection times were used for all pharmacokinetic calculations. For graphical presentation of mean data, nominal times were used in the calculation of mean plasma concentrations and amounts excreted in the urine. Pharmacokinetic parameters for GTS-21 and 4-OH-GTS-21 were calculated using noncompartmental methods. C max and T max were taken directly from the data. The terminal elimination rate constant, l z , was calculated as the negative of the slope of the terminal log-linear portion of the plasma concentration time curve. The specific range of times was determined by graphical inspection of a semilogarithmic plot of concentration vs time. Elimination half-life (t 1/2 ) was calculated from l z according to t 1/2 ¼ 0.693/l z . The area under the plasma concentration (AUC)-time curves to the last time point (t f ) with a concentration above the validated limit of quantitation (C t f ) (AUC t f ) (Day 1) and during the 6-h dosing interval (Day 5) (AUC t ) were calculated using the linear trapezoidal method. AUC t f on Day 1 was extrapolated to infinity (AUC N ) using C t f and l z , as shown below:
On Day 5, if t f occurred before the end of the dosing interval and a value was available for l z , AUC was extrapolated to the end of the dosing interval according to the following equation:
The fraction of the dose excreted in the urine through 24 h (Day 1) or 6 h (Day 5) (fe), calculated from the sum of the amounts in each collection interval, was expressed as a percent of the dose; amounts of the 4-OH metabolite were corrected for the difference in molecular weight.
Cognitive Function
Both a primary analysis and a secondary (by dose period) analysis were performed on the cognitive assessment data. For the primary analysis, a two-way analysis of variance (ANOVA) was conducted. Five terms were fitted to the model: dosing condition, subjects nested within dosing condition, repeated testing, an interaction term between dosing condition and repeated testing, and an error term for this interaction. The two relevant statistical contrasts were (1) a main effect of dosing condition, and (2) an interaction between dosing condition and repeated testing, reflecting an effect that depended on the time of assessment.
The secondary analysis was also performed to evaluate the treatment groups by dosing period. The difference from baseline data was averaged over each dosing period to derive a single score per measure for each subject. The data were subjected to a two-way ANOVA. Five terms were fitted to the model; these terms were the same as for the primary analysis except that the interaction term was between dosing condition and dosing periods. The two relevant statistical contrasts were (1) a main effect of dosing condition, and (2) an interaction between dosing condition and dosing period.
Pharmacokinetic/Pharmacodynamic Modeling
Potential relationships between the cognitive responses to GTS-21 and its pharmacokinetics were examined for immediate word recall accuracy, delayed word recall accuracy and digit vigilance. For each subject for each response, the area under the effect curve (AUEC) on Day 4 of dosing was calculated using the linear trapezoidal method, where effect was defined as the change from baseline. The difference in mean AUEC between GTS-21 and placebo at each dose was then plotted against the mean AUC t on Day 5. Due to the short t 1/2 of GTS-21, concentrations on Day 5 were comparable to those on Day 1, and thus the AUC t on Day 5 was considered to be representative of that on Day 4 when the cognitive responses were measured.
RESULTS
A total of 18 subjects, including two replacement subjects, were enrolled and received study drug (14 GTS-21, four placebo). Initially, 16 subjects were enrolled in the study (12 GTS-21, four placebo). Three subjects in the GTS-21 group discontinued early. One subject was discontinued in Session 3 at the sponsor's request because of elevated liver enzymes; one subject was chewing tablets instead of swallowing them and was discontinued in Session 1; and one subject left the study in Session 2 because he found employment. Two of these subjects were replaced; both were in the active treatment group. The demographics of the study population were similar between treatment groups. The mean age, height and weight was 33.2 years, 179.9 cm and 79.9 kg in the GTS-21 group, respectively, and 31.0 years, 175.0 cm and 72.2 kg in the placebo group, respectively. All subjects were Caucasians. Treatment compliance was controlled by the site, as the study drug was administered by the investigator or designee. Subject compliance with the study procedures was also assessed by the site staff.
Safety
GTS-21 was found to be well tolerated in healthy male volunteers up to a daily dose of 450 mg (150 mg t.i.d.). There were no clinically significant differences between treatment groups with respect to incidence of treatment-emergent adverse events. Table 1 shows the incidence of adverse events for all subjects. Although not considered to be clinically significant, adverse events relating to hepatic function in four subjects were notable and are discussed below. There were no clinically significant, treatmentemergent changes reported with respect to ECG findings or physical examinations. No clinically significant, treatment-emergent trends were noted with respect to vital signs, although one subject was reported to have asymptomatic postural hypotension at the 75 mg t.i.d. dose level. This subject did not experience dizziness, nor did the adverse event meet the following criteria for orthostatic hypotension: decrease of 20 mmHg in systolic blood pressure accompanied by an increase of 20 bpm in pulse.
Adverse events relating to abnormal hepatic function occurred in three (21.4%) subjects in the GTS-21 group and Note: Multiple occurrences of the same adverse event in the same subject were counted once per dose group. This table presents adverse event data for all patients who received study drug (GTS-21 or placebo).
Neuropsychopharmacology
Multiple doses of GTS-21 in healthy, male volunteers H Kitagawa et al one (25.0%) subject in the placebo group (Table 2) . Of these four subjects, one GTS-21 subject and one placebo subject showed liver enzyme values 42 times the upper limit of the normal range (ULN). The maximum SGOT, SGPT and GGT values for the GTS-21 subject were 3.4 Â ULN, 4.2 Â ULN and 3.0 Â ULN, respectively. This subject was withdrawn from the study at the sponsor's request. The maximum SGOT, SGPT and GGT values for the placebo subject were 2.7 Â ULN, 1.3 Â ULN and 1.1 Â ULN, respectively. Only one of these four subjects was discontinued early, as stated above; the other three subjects with liver enzyme elevations all completed the study. None of the subjects who experienced liver enzyme elevations showed evidence of hepatic dysfunction and all liver enzyme values had returned to clinically acceptable limits by the 7-day follow-up visit.
Pharmacokinetics
The mean plasma GTS-21 and 4-OH-GTS-21 concentrationtime profiles on Days 1 and 5 after administration of GTS-21 daily for 5 days under fed conditions are shown in Figure  2 . The mean 7 SD and range of the pharmacokinetic parameters derived from the individual subject data are listed in Table 3 for GTS-21 and Table 4 for the metabolite. Plasma GTS-21 concentrations reached their peak at 1-1.4 h after the first dose and 1-1.2 h after 5 days of dosing, consistent with values for T max observed in previous studies (internal reports, Taiho Pharmaceutical Co.) ( Table 3) .
The pharmacokinetics of the metabolite, 4-OH-GTS-21, paralleled those of the parent. Concentrations reached their peak at 0.9-1.5 h after the first dose and 1.1-1.3 h after 5 days of dosing, again consistent with values for T max observed in previous studies (internal reports, Taiho Pharmaceutical Co.) (Table 4) .
Urinary excretion of unchanged GTS-21 and 4-OH-GTS-21 accounted for less than 0.5% of the dose (Tables 3 and 4) . Following enzymatic hydrolysis, there was evidence for small amounts of a conjugated form of GTS-21 (Table 5) . Conjugated 4-OH-GTS-21, however, accounted for 6-7% of the dose on Day 1 and 10-12% on Day 5.
Cognitive Function
The data in this study indicate a clear effect of GTS-21 over placebo on a range of cognitive functions. Table 6 summarizes the results of the ANOVA analysis of the cognitive data. For the primary analysis, statistically significant effects of GTS-21 were observed for at least one measure of all three attention-related tasks (simple reaction time, choice reaction time and digit vigilance), two secondary episodic recognition memory tasks (word recognition and picture recognition), and for the numeric working memory task. Additionally, both the visual tracking tasks and the immediate word recall task exhibited statistically significant improvements in performance following dosing with GTS-21. Tasks for which there were no effects on performance as indicated by the primary analysis were the spatial working memory task, the delayed word recall task, overnight face recognition task, and the BondLader self-ratings of mood and alertness. The secondary analysis confirmed the main effects of GTS-21 seen in the primary analysis (Figures 3-5) and, in addition, showed significant improvement for immediate and delayed word recall (Figures 6 and 7) as well as one measure of spatial working memory. 
Pharmacokinetic/Pharmacodynamic Relationship
The relationship between the cognitive responses to GTS-21 (as measured by immediate word recall accuracy, delayed word recall accuracy and digit vigilance task) and drug exposure is illustrated in Figure 8 . For the three tests examined, there appeared to be a relationship between exposure to GTS-21 and the magnitude of the response.
DISCUSSION
This study was conducted to evaluate the safety, pharmacokinetics and cognitive effects of GTS-21 after multiple doses of 25, 75 and 150 mg per day for 5 days in healthy male volunteers. GTS-21 was well tolerated up to a daily dose of 450 mg (150 mg t.i.d). There were no clinically significant, treatmentemergent changes reported with respect to ECG findings, physical examinations and vital signs; one subject experienced asymptomatic postural hypotension at the 75 mg t.i.d. dose level. There were no clinically significant differences between treatment groups with respect to the incidence of adverse events. However, due to the elevated liver enzymes in four subjects, the potential for hepatotoxicity was examined carefully. The literature suggests that laboratory results in healthy subjects should be interpreted cautiously in Phase I studies, as LFT elevations may be a result of nondrug factors such as diet or environment, and do occur in placebo subjects as well as those treated with study drug (Purkins et al, 1997 , Rosenzweig et al, 1999 , Merz et al, 1997 . In this study, none of the adverse events relating to hepatic function were determined to be clinically significant, and none of the subjects exhibited signs of hepatic dysfunction. This finding was consistent with preclinical data. The no observable effect level of GTS-21 in a 4-week rat study was determined to be 150 mg/kg/day; significant increases in liver weight and hepatocellular hypertrophy were only seen at 450 mg/kg/day. Nevertheless, future studies of GTS-21 will track LFT abnormalities carefully.
The pharmacokinetics of GTS-21 and 4-OH-GTS-21 appeared to be linear over the range of doses studied, as Based on urine collected from 0 to 6 h on each study day. evidenced by increases in C max , AUC N and/or AUC t that were proportional to dose, within the limits of the observed variability. Elimination half-life was also independent of dose, providing further evidence of linearity. As demonstrated in a previous study (internal report, Taiho Pharmaceutical Co.), the wide range in pharmacoki- 
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Multiple doses of GTS-21 in healthy, male volunteers H Kitagawa et al netic parameters of GTS-21 and 4-OH-GTS-21 is due to between-subject variability, with essentially no intrasubject contribution. Consistent with these observations, there was considerable intersubject variability in C max and AUC N of GTS-21 (Table 3) . However, the ranges at steady state (Day 5) were 2.1 to 6.4-fold, considerably less than the 13 to 29-fold observed after the first dose, indicating that the intersubject variability in pharmacokinetics may decrease with continued dosing. The ranges in C max and AUC at steady state (Day 5) for the metabolite were 2.1 to 15-fold, somewhat less than the 6 to 22-fold observed after the first dose. This is consistent with the parent and provides further evidence that the intersubject variability in pharmacokinetics may decrease with multiple dosing. Consistent with a t 1/2 of approximately 1 h and a dosing interval of at least 6 h, there was essentially no accumulation of either the parent or metabolite after 5 days of dosing (Figure 2 ). The CDR computerized assessment system has been designed to identify changes in the quality of several major aspects of human cognitive function, including attention and memory. It is currently the most widely used system of its type in worldwide clinical research. The core tests on the system were initially developed to identify the cognitive effects of drugs acting on brain cholinergic systems, primarily nicotine and scopolamine (Wesnes and Warburton, 1984) . The various tests in the system are highly sensitive to a variety of compounds that can enhance cognitive function, particularly those that influence the cholinergic system (van Harten et al, 1996; Parrott et al, 1996) .
The data in this study strongly supported the hypothesis that GTS-21 has a favorable effect on cognitive function and are very encouraging for the future development of GTS-21 as a cognition enhancer. Firstly, the effects are consistent with the pharmacological actions of the compound; for example, nicotine has long been known to enhance vigilance (Wesnes and Warburton, 1984) and has also been shown to produce similar effects on the vigilance task used in this study (Parrott et al, 1996) . Secondly, the effects detected also go beyond the simple effects of nicotine and physostigmine. For example, there is no evidence that nicotine has favorable effects on episodic memory, in contrast to the clear effects of GTS-21 on this function. In addition, although nicotine has been shown to affect attention, and physostigmine affects both attention and episodic memory, the results indicate that GTS-21 shows positive effects on both these aspects of cognitive function as well as working memory.
As illustrated in Figure 8 , there appears to be a relationship between the exposure to GTS-21, as measured by AUC t , and its cognitive effects, based on the difference from placebo in AUEC. Response increased between 25 and 75 mg, and appeared to plateau between 75 and 150 mg. The 24-h exposure on Day 4 is essentially the same as that on Day 1, for which minimal or no cognitive effects were seen. The effect may thus be a function of both the magnitude and duration of exposure. A relationship identical to that shown in Figure 8 was also observed for the active metabolite and the sum of parent and metabolite (not shown), and the observed effect may be related to both compounds.
In conclusion, GTS-21 was well tolerated up to doses of 450 mg/day (150 mg t.i.d.) and shows improvements in cognitive behavior in normal subjects. The pharmacokinetics appear to be linear over the range of dose studies and the variability, primarily intersubject, decrease with continued dosing. The data provide important evidence that GTS-21 has the potential to improve human cognitive function. The range of the effects is important, clear benefits being seen to three major cognitive functions (attention, working memory, episodic secondary memory). In addition, there appears to be a relationship between the duration and magnitude of exposure to GTS-21 and/or 4-OH-GTS-21 and the magnitude of effect, with doses between 75 and 150 mg t.i.d. approaching maximal effect. GTS-21 may represent a novel treatment for dementia, and should be investigated further for its potential therapeutic effects in a variety of conditions in which cognitive function is compromised, not least of all Alzheimer's disease.
